Powdery mildew caused by Blumeria graminis f.sp. tritici (Bgt) is a detrimental disease of bread wheat (Triticum aestivum). Bgt infection initiates with the germination of its conidia, which is stimulated by plant cuticle-derived wax signals. Here, we identified wheat 3-KETOACYL-CoA SYNTHASE (TaKCS6), a homolog of barley HvKCS6, as a key enzyme in the biosynthesis of wheat cuticular wax. We found that both cuticular wax accumulation and Bgt germination were impeded on leaves of TaKCS6-knockdown plants. The TaKCS6 promoter-associated bHLH type transcription factor 1 (TaKPAB1) binds to the TaKCS6 promoters and recruits the CHD3 protein TaCHR729 to them via physical association. Knockdown of TaCHR729 results in decreased trimethylation of histone H3 Lys 4 (H3K4me3) at the TaKCS6 promoters and down-regulation of TaKCS6 transcription, leading to a reduction of cuticular wax accumulation and Bgt germination on leaves. We further identified very-long-chain aldehydes with a chain length above C 24 as the signals regulated by the TaCHR729-TaKPAB1-TaKCS6 pathway for stimulating Bgt germination. Our study thus reveals that the transcription factor-mediated recruitment of chromatin remodeling machinery is essential for regulating the biosynthesis of cuticular wax that is required for stimulating Bgt germination in bread wheat.
Introduction
In eukaryotic organisms, genomic DNA is packaged into chromatin, the dynamic structure of which plays essential roles in regulating transcription by governing the access of DNA to the transcriptional machinery (Li et al., 2007) . Dynamic regulation of the chromatin structure is primarily provided by DNA modification, histone modification, and chromatin remodeling (de la Serna et al., 2006; Kwon and Wagner, 2007; Gardner et al., 2011) . As an important epigenetic modification, histone methylation can make the chromatin structure become either permissive or repressive to transcription, probably through the alteration of interactions between DNA and histones (Shukla et al., 2009) . For example, trimethylation of histone H3 lysine 4 (H3K4me3) is an active marker for transcription and is generally correlated with gene activation, whereas histone H3 lysine 27 trimethylation (H3K27me3) is associated with repressed genes (Zhang et al., 2007 (Zhang et al., , 2009 Bernatavichute et al., 2008) . Different epigenetic marks are read and interpreted by a repertoire of chromatin remodeling factors, which alter DNA-histone contact and remodel the chromatin structure to regulate DNA accessibility for transcription (Tsukiyama, 2002; Saha et al., 2006) .
Among chromatin-remodeling factors, ATP-dependent chromodomain helicase-DNA binding 3 (CHD3)-type proteins are widely distributed in higher eukaryotes and are characterized by the presence of two tandemly arranged chromodomains as well as the presence of one or two plant-homeodomain (PHD) zinc fingers preceding the chromodomains and the sucrose non-fermenting (SNF2)-related helicase/ ATPase domain (Lusser and Kadonaga, 2003; Bouazoune and Brehm, 2006) . In mammals and flies, CHD3 proteins have been found to function in both transcriptional repression and activation (Bowen et al., 2004; Murawska et al., 2008) . Similarly, more recent studies have indicated that plant CHD3 members are also involved in gene repression and activation. For example, the Arabidopsis CHD3 protein PICKLE (PKL) represses transcription of embryonic master genes including LEAFY COTYLEDON 1 (LEC1) and LEAFY COTYLEDON 2 (LEC2) by promoting H3K27me3 at the promoter regions of these genes (Zhang et al., 2008 . The rice CHD3 protein CHR729 can recognize and modulate H3K4 and H3K27 methylation of repressed or tissue-specific genes that are associated with the regulation of transcription related to plant development (Hu et al., 2012) . However, the biological functions and molecular mechanisms of CHD3 proteins in other crop plants such as bread wheat remain unknown.
The primary aerial surfaces of wheat (Triticum aestivum) are coated with a cuticle composed of waxes and cutins. Cuticular waxes typically consist of very-long-chain (VLC, >C 20 ) aliphatic compounds including fatty acids, alcohols, aldehydes, esters, ketones, and alkanes, whilst cutins are covalently crosslinked polymer matrices made of C 16 and C 18 hydroxy fatty acids and their derivatives (Lee and Suh, 2015) . As a hydrophobic interface between the wheat and its environment, the cuticle mainly functions as a permeability barrier to protect plants against uncontrolled water loss, mechanical damage, and also non-adapted pathogen infection. However, there is increasing evidence that the adapted pathogen Blumeria graminis can utilize signals derived from the cuticular-wax to stimulate its conidial germination on appropriate plant surfaces. For instance, germination of conidia from the barley powdery mildew fungus (Blumeria graminis f.sp. hordei, Bgh) is impeded on the leaf surfaces of the maize wax mutant glossy11 (gl11) and the barley wax mutant low wax1 (lwa1) (Hansjakob et al., 2011; Weidenbach et al., 2014) . Similarly, conidial germination on wheat leaves of Blumeria graminis f.sp. tritici (Bgt), the causal agent of wheat powdery mildew disease, is compromised by knockdown of wax inducer 1 (TaWIN1), and can be restored by spraying the leaf surface with wild-type cuticular wax or VLC aldehydes (Kong and Chang, 2018) . Cuticular wax biosynthesis is known to start from the de novo synthesis of C 16 and C 18 compounds, which can be elongated initially to VLC fatty acids (VLCFAs) and then to their derivatives (Samuels et al., 2008) . Barley 3-KETOACYL-CoA SYNTHASE (HvKCS6) is one of the most extensively studied enzymes involved in cuticular wax biosynthesis (Weidenbach et al., 2014) . The HvKCS6 mutant enhanced Magnaporthe resistance gene1 (emr1) has significantly fewer wax constituents with a chain length above C 24 and Bgh conidia show reduced germination on this mutant. Complementation of the emr1 mutant restores wild-type wax and overcomes the reduction in germination, indicating that wax constituents are a crucial cue for Bgh germination. However, the specific wax signals provided by HvKCS6 for germination of powdery mildew fungi remain to be characterized and the biological function of KCS6 in other crop plants such as rice (Oryza sativa) and bread wheat have not yet been investigated.
In this study, we identified TaKCS6 as a key regulator in the biosynthesis of the cuticular wax that is required for Bgt germination in bread wheat. Using multiple approaches, we found that the TaKCS6 promoter-associated bHLH type transcription factor 1 (TaKPAB1) recruits the CHD3-type chromatin remodeling factor TaCHR729 to promote H3K4me3 at the TaKCS6 promoters, thus stimulating TaKCS6 expression. We further identified very-long-chain aldehydes as the signals provided by the TaCHR729-TaKPAB1-TaKCS6 signaling module for stimulation of Bgt germination. This study reveals a crucial role for chromatin remodeling factors in regulating the interaction between wheat and powdery mildew and demonstrates a direct link between histone modification and cuticular wax biosynthesis in wheat.
Materials and methods

Plant, fungal, and yeast material
Seedlings of bread wheat (Triticum aestivum L. cultivar Jing411) were grown in a growth chamber under 16/8 h day/night at 20 /18 °C with 70% relative humidity. The Blumeria graminis f. sp. tritici (Bgt) strain E09 was maintained on the leaves of Jing411 plants. The yeast strain EGY48 (MATa, his3, trp1, ura3, LexAop(x6) -LEU2 plus p8op-lacZ) was used for yeast two-hybrid (Y2H) assays and Y187 (MATa, was used for yeast one-hybrid (Y1H) assays, and were maintained on SD/-Ura plates and YPAD plates, respectively.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from wheat leaves or protoplasts using the EasyPure Plant RNA kit (Transgen) and 2 μg RNA was used to synthesize the cDNA template using the TransScript one-step gDNA removal and cDNA synthesis supermix (Transgen) according to the manufacturer's instructions. Real-time PCR assays were performed using the ABI real-time PCR system with qPCR Master Mix (Invitrogen). The expression of TaGADPH was set as the internal control and the expression levels of TaGADPH, TaKCS6, TaKPAB1, and TaCHR729 were analysed using the primers listed in Supplementary Table S1 at JXB online. The assays were performed under the following conditions: 95 °C for 3 min and 40 cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. For each experiment, three independent replicates were analysed.
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BSMV-mediated gene-silencing and Bgt infection
For barley stripe mosaic virus (BSMV) gene-silencing, fragments of ~200 bp of TaKCS6, TaKPAB1, and TaCHR729 were amplified using the primers listed in Supplementary Table S1 under the following PCR  conditions: 94 °C for 5 min and 30 cycles of 94 °C for 30 s, 58 °C for  30 s, and 72 °C for 30 s, and then cloned into the pCa-γbLIC vector to create the BSMV-TaKCS6as, BSMV-TaKPAB1as, and BSMVTaCHR729as constructs. BSMV-mediated gene-silencing in wheat leaves was performed as described previously with the BSMV empty vector BSMV-γ employed as the control (Yuan et al., 2011) . About 15 d after BSMV infection, the youngest fully emerged leaves with virus symptoms were inoculated with conidia of Bgt strain E09. The leaves were collected at 12 h post-inoculation (hpi), fixed with their inoculated surface uppermost on Whatman paper moistened with ethanol:acetic acid (3:1, v/v), and stained with Coomassie Blue to visualize the fungal tissue. For each treatment, at least 500 Bgt-wheat interaction sites were separately counted and three independent biological replicates were used. Results were analysed using Student's t-test.
Wax composition analysis
The wax composition analysis was performed as described previously by Hansjakob et al. (2011) . Briefly, leaves (n=5) with virus symptoms about 15 d post-BSMV-infection were submerged in chloroform for 2 min, the internal standard n-Tetracosane (Merck) was added, and samples were evaporated under N 2 . Waxes were derivatized by heating at 70 °C for 30 mins in bis-N,O-trimethylsilyl trifluoroacetamide. Silylated samples were analysed using capillary GC (5890 Series II, Agilent Technologies) and a flame ionization detector (6890 N, Agilent Technologies) with a mass spectrometer (MSD 5973, Agilent Technologies). The oven temperature was programmed for 2 min at 50 °C, 40 °C min −1 to 200 °C, 2 min at 200 °C, 3 °C min −1 to 320 °C, 30 min at 320 °C. For the quantification of individual compounds, H 2 was used as the carrier gas. Wax compounds were identified based on the Agilent/HP ChemStation software (Agilent Technologies). Quantification was based on flame ionization detection peak areas relative to the internal standard n-Tetracosane. Leaf areas were determined using the ImageJ software to evaluate digital photographs. The data were analysed using Student's t-test based on three independent replicates.
Yeast experiments
For Y1H analysis, the coding fragments of TaKPAB1 and the promoter regions of TaKCS6-A, TaKCS6-B, and TaKCS6-D were amplified using the primers listed in Supplementary Table S1 (PCR conditions: 95 °C for 4 min and 30 cycles of 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 120 s), and then ligated into the vectors pGADT7 and pHIS2, respectively. The pGADT7 and pHIS2 derivatives were co-transformed into the yeast strain Y187, and the transformants were grown on SD/WLH − medium with 15% 3-amino-1,2,4-triazole (3-AT) to test for HIS2 expression. For Y2H analysis, the coding fragments of TaCHR729 and TaKPAB1 were amplified using the primers listed in Supplementary Table S1 (PCR conditions: 94 °C for 5 min and 30 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 240 s), and then ligated into the vectors pLexA and pB42AD to generate protein fusions to the LexA DNA-binding domain and transcription-activating domain, respectively. The prey wheat cDNA library was constructed as described by Kong and Chang (2018) . Yeast transformants containing the pairs of the pLexA and pB42AD derivative constructs were grown on SD/UWHL − medium supplemented with X-Gal for visualization.
GST-pull down assays
The coding regions of TaCHR729, TaKPAB1, and TaMYC2 were amplified using the primers listed in Supplementary Table S1 (PCR conditions: 94 °C for 5 min and 30 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 240 s), and then ligated into the vectors pGEX4T-1 and pET32 to generate protein fusions to the glutathione-S-transferase (GST) domain and His tag, respectively. GST and GST-TaCHR729 were purified from E. coli and incubated with TaKPAB1-His or TaMYC2-His recombinant proteins and glutathione sepharose (GE Healthcare) and TaKPAB1-His or TaMYC2-His recombinant proteins for 2 h. The precipitates were washed five times with binding buffer and boiled in 2× laemmli buffer before SDS-PAGE separation. The co-precipitated TaKPAB1-His and TaMYC2-His were analysed by immunoblotting using an α-His antibody (CWBIO).
EMSAs
The coding region of TaKPAB1 was cloned into the vector pGEX4T-1 using the primers listed in Supplementary Table S1 under the following PCR conditions: 94 °C for 5 min and 30 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 90 s. The expression and purification of the recombinant proteins in the E. coli were performed according to the manual provided by Novagen. EMSAs were conducted as described previously (Kong and Chang, 2018) .
Co-immunoprecipitation and immunoblot assays
Co-immunoprecipitation (co-IP) assays were performed as described previously (Xu et al., 2012) with some modifications. Briefly, total protein was extracted from wheat leaves using an extraction buffer of 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Nonidet P-40, 4 mM PMSF, 5 mM dithiothreitol and 1× complete protease inhibitor cocktail (Roche). After pre-clearing with protein A sepharose beads (GE Healthcare), the protein extract was mixed with 20 μg of the antibody α-TaCHR729 (immunoprecipitation antibody) and 100 μl of protein A-agarose. After washing five times with extraction buffer, the protein A-agarose beads were eluted by boiling in 2× laemmli sample buffer and subjected to immunoblot analysis. The accumulation of TaCHR729 and TaKPAB1 was analysed by immunoblotting with rabbit monoclonal antibody α-TaCHR729 and mouse monoclonal antibody α-TaKPAB1 (the sequences VDATGLSTTRAVGPVSSDDQEP and MHAIGGAGDHRETLEAVVGEA were used as epitopes for generating antibodies against TaCHR729 and TaKPAB1, respectively.). The levels of histone H3, H3K4me3, and H3K27me3 were analysed by immunoblotting with the antibodies α-histone H3, α-trimethylated histone H3 lysine 4 (α-H3K4me3), and α-trimethylated histone H3 lysine 27 (α-H3K27me3, (all Millipore). The results of immunoblotting were visualized using an ECL chemiluminescence kit (Pierce Biotechnology).
ChIP assays
ChIP assays were carried out as described previously (Ding et al., 2012b) with modifications. Briefly, chromatin extracts were prepared from wheat leaves treated with 1% formaldehyde solution. After sonication, the chromatin was precleared with 50 µl protein A sepharose beads and immunoprecipitated using the antibodies α-histone H3, α-H3K4me3, α-H3K27me3, (all Millipore), α-Pol II, α-Ser2P Pol II (both Abcam), α-TaCHR729, and α-TaKPAB1. DNA recovery after ChIP was quantified as the percentage of input. For H3K4me3 and H3K27me3 analysis, relative enrichments were calculated after normalizing the histone acetylation ChIP with histone H3 ChIP. Real-time PCR with genespecific primers (Supplementary Table S1 ) was performed using the ABI real-time PCR system with qPCR Master Mix (Invitrogen) according to the manufacturer's instructions. Each of the immunoprecipitations was replicated three times, and each sample was quantified at least in triplicate. The results were analysed using Student's t-test.
Nuclear run-on assays
Nuclear run-on assays were carried out as described previously (Ding et al., 2012a) with modifications. Briefly, nuclei isolated from wheat leaves were mixed with 25 mM biotin-16-UTP and 0.75 mM of ATP, CTP, and GTP for the transcription reaction. RNA was extracted using the EasyPure Plant RNA kit (Transgen), and purified using an RNeasy column (Qiagen), and then enriched with streptavidin magnetic beads (Invitrogen). The bound RNA was employed for qRT-PCR.
TaGADPH was set as the internal control and the relative transcription rate of TaKCS6 was analysed using the primers listed in Supplementary  Table S1 . The results were analysed using Student's t-test based on three independent replicates.
Measurement of contact angles
Contact angles were evaluated using the SDP-300 system (Sindin) as described previously (Kong and Chang, 2018) . For each treatment, angles from at least 50 water droplets were measured separately and five independent surface samples were examined. The results were analysed using Student's t-test.
Manipulation of wheat leaf waxes and coating of glass slides
Wheat leaf wax was manipulated as described previously (Hansjakob et al., 2011) . Briefly, leaves with virus symptoms about 14 d post-BSMV-infection were sprayed with cuticular wax extracts in chloroform at 480 μg ml −1 ; control leaves were sprayed with chloroform only. For each treatment, at least three independent sprayings were performed. The coating of glass slides was conducted as described previously (Kong and Chang, 2018) . Briefly, wax extracts re-dissolved in chloroform were added to a 0.5% solution of Formvar resin (polyvinyl formal, CAS 63450-15-7, Applichem). Slides coated with polyvinylpyrrolidone 40 (PVP40) were then dipped into the Formvar/wax solution. The C 26 , C 28 , and C 30 aldehydes used were synthesized from C 26 , C 28 , and C 30 alcohol (SigmaAldrich) as previously described and other single-wax components were purchased from Sigma-Aldrich. The results were analysed using Student's t-test based on three independent replicates.
Accession numbers
Sequence data from this study can be found in the GenBank database (http://www.ncbi.nlm.nih.gov/) under the following accession numbers: TaKCS6 
Results
Cuticular wax deposition and Bgt germination are impeded on the leaves of TaKCS6-knockdown wheat
Based on the protein sequence of barley HvKCS6 (MLOC_51583) and the genome sequence of hexaploid bread wheat (Triticum aestivum) (International Wheat Genome Sequencing Consortium, 2018), we first identified three highly homologous sequences of wheat 3-KETOACYL-CoA SYNTHASE (TaKCS6) from the cultivar Jing411. Through searching the chromosome-based draft sequences of T. aestivum (International Wheat Genome Sequencing Consortium, 2018), we mapped these TaKCS6 sequences on the chromosomes 4A, 4B, and 4D, which we designated as TaKCS6-A, TaKCS6-B, and TaKCS6-D. Sequence alignment demonstrated that the coding regions of allelic TaKCS6-A, TaKCS6-B, and TaKCS6-D exhibited ~98% nucleotide sequence identity ( Supplementary Fig. S1 ). Gene structure analysis revealed that TaKCS6-A, TaKCS6-B, and TaKCS6-D all contained two exons and one intron ( Supplementary Fig. S2 ). The predicted TaKCS6-A, TaKCS6-B, and TaKCS6-D proteins had more than 83% amino acid sequence identities with HvKCS6, BdKCS6 (XP_003558474) from Brachypodium distachyon, OsKCS6 (XP_015632982) from Oryza sativa, and AtKCS6 (AT1G68530) from Arabidopsis thaliana ( Supplementary  Fig. S3 ).
To examine whether TaKCS6 regulates the biosynthesis of cuticular wax in wheat, we silenced all endogenous TaKCS6 genes in the wheat cultivar Jing411 using barley stripe mosaic virus (BSMV)-induced gene silencing (BSMV-VIGS). qRT-PCR confirmed that TaKCS6 mRNA levels showed a substantial reduction in leaves infected with BSMVTaKCS6as (Fig. 1A) . We then measured cuticular wax constituents released from BSMV-γ and BSMV-TaKCS6as plants by GC-MS. As shown in Supplementary Fig. S4 , the total amount of cuticular wax was not significantly altered by BSMV-γ inoculation compared with the mock control. However, the total amount of decreased from 11.5 μg cm −2 in leaves infected with BSMV-γ-to 2.3 μg cm −2 in the BSMV-TaKCS6as plants (Fig. 1B) . Significantly, the most abundant wax component, C 28 -alcohol, decreased by 95% in the leaves of TaKCS6-silenced plants compared with controls (Fig. 1C) . Likewise, other very-long-chain (VLC) wax constituents including fatty acids, alcohols, aldehydes, and alkanes showed a significant reduction in the BSMV-TaKCS6as plants (Fig. 1C) . We then separately inoculated these BSMV-VIGS plants with conidia of Bgt strain E09 and evaluated the wheat-Bgt interaction using a microscopic assay (Kong and Chang, 2018) . As shown in Supplementary Fig. S5 , Bgt germination was not significantly altered by BSMV-γ inoculation compared with the mock control. However, the percentage of Bgt conidia that successfully germinated decreased from 82% in the leaves infected with BSMV-γ to 61% in the BSMV-TaKCS6as plants (Fig. 1D, 1E ), indicating that knockdown of TaKCS6 negatively affected Bgt germination on wheat leaves. Together, the results suggest that TaKCS6 positively regulates the biosynthesis of cuticular wax and Bgt germination in wheat.
Transcription factor TaKPAB1 directly binds to the TaKCS6 promoters
To identify the TaKCS6 transcriptional regulators, we used the native promoter regions of TaKCS6 genes as baits to screen the Y1H prey library derived from the Bgt-infected wheat leaves. One of the isolated TaKCS6 promoter binding factors was a wheat basic helix-loop-helix (bHLH)-type transcription factor, hereafter designated TaKPAB1 (for TaKCS6 promoter-associated bHLH-type transcription factor 1). Three highly homologous sequences of TaKPAB1 were isolated from the hexaploid cultivar Jing411. Through searching the chromosome-based draft sequences of T. aestivum (International Wheat Genome Sequencing Consortium, 2018), we mapped these TaKPAB1 sequences on chromosomes 1A, 1B, and 1D, which we designated as TaKPAB1-A, TaKPAB1-B, and TaKPAB1-D. Based on the fact that TaKPAB1-A, TaKPAB1-B, and TaKPAB1-D proteins had over 97% amino acid sequence identity, we chose TaKPAB1-A as a representative in the following experiments ( Supplementary Fig. S6 ).
It has been widely reported that bHLH-type transcription factors can directly bind to the E-box cis-elements (Shin et al., 2014) . EMSAs showed that the GST-TaKPAB1 fusion protein, but not GST alone, bound to the radio-labeled fragments of the E-box and resulted in clear signals of DNA-protein complexes, which were greatly attenuated by the addition of an unlabeled E-box but not by a mutant E-box with a mutation in the core binding sequence, suggesting that TaKPAB1 has E-box-binding activity (Supplementary Fig. S7 ). Promoter analysis revealed that TaKCS6-A, TaKCS6-B, and TaKCS6-D contained multiple E-box cis-elements within their regulatory regions ( Fig. 2A) . We first examined the binding of TaKPAB1 to the promoters of TaKCS6-A, TaKCS6-B, and TaKCS6-D in targeted Y1H assays, where TaKPAB1 was fused to GAL4 AD and the TaKCS6 promoters were fused to the HIS2 reporter gene. The wild-type (labeled as pro) and mutant promoter (labeled as mpro) regions were employed. As shown in Fig. 2B , AD-TaKPAB1 fusion protein, but not AD alone, bound to the promoters of TaKCS6-A, TaKCS6-B, and TaKCS6-D, and strongly activated the expression of the HIS2 reporter gene. In contrast, point-mutations in the E-box (mpro, CANNTG changed to TTNNCC) of the TaKCS6 promoters abolished HIS2 activation (Fig. 2B) , indicating that TaKPAB1 specifically binds to the regulatory regions of TaKCS6 genes via the E-box motif.
To investigate the in vivo binding of TaKPAB1 to the TaKCS6 promoters in wheat, we performed chromatin immunoprecipitation coupled with quantitative PCR (ChIPqPCR) assays using the TaKPAB1 antibody ( Supplementary  Fig. S8 ). The wheat elongation factor 1 (TaEF1) was employed as a control. As shown in Fig. 2C , promoter fragments of TaKCS6-A, TaKCS6-B, and TaKCS6-D, but not TaEF1, were highly enriched in DNA samples precipitated with the TaKPAB1 antibody, suggesting that TaKPAB1 occupies the regulatory regions of TaKCS6 genes in wheat. To determine the potential regulation of TaKPAB1 on the TaKCS6 transcription, we silenced all endogenous TaKPAB1 genes in wheat leaves using BSMV-VIGS and found that mRNA accumulations of TaKCS6, but not TaEF1, greatly decreased in the leaves infected with BSMV-TaKPAB1as, suggesting that TaKPAB1 positively regulates TaKCS6 transcription (Fig. 2D) . Taken together, these results indicate that TaKCS6 genes are bona fide targets of the transcriptional activator TaKPAB1 in wheat.
TaKPAB1 recruits TaCHR729 to TaKCS6 promoters by physical interaction
To identify the TaKPAB1-interacting proteins, we performed Y2H screenings using TaKPAB1 bait protein and a prey wheat cDNA library. One of the isolated TaKPAB1 interactors was TaCHR729, the wheat homolog of the rice CHD3-type chromatin remodeling factor OsCHR729. Three highly homologous sequences of TaCHR729 were isolated from the hexaploid wheat cultivar Jing411. Through searching the chromosome-based draft sequences of the T. aestivum (International Wheat Genome Sequencing Consortium, 2018), we mapped these TaCHR729 sequences to chromosomes 2A, 2B, and 2D, which we designated as TaCHR729-A, TaCHR729-B, and TaCHR729-D, respectively. The predicted TaCHR729-A, TaCHR729-B, and TaCHR729-D proteins had more than 74% amino acid sequence identities with BdCHR729 Germination of Bgt conidia on leaves infected with BSMV-γ or BSMVTaKCS6as. The development of Bgt conidia was examined 12 h postinoculation using microscopy. Scale bars are 50 μm. Black arrows indicate conidia that have successfully germinated, and white arrows indicate conidia that have failed to germinate. (E) Bgt germination on leaves infected with BSMV-γ or BSMV-TaKCS6as. For each treatment, at least 500 Bgt conidia were examined in each experiment. For (A-C, E) data are means (±SE) from three independent biological replicates per treatment were analysed using Student's t-test: **P<0.01. (This figure is available in colour at JXB online.) (XP_010238070) from B. distachyon and OsCHR729 (XP_015646594) from O. sativa ( Supplementary Fig. S9 ).
Given that the predicted TaCHR729-A, TaCHR729-B, and TaCHR729-D proteins had over 98% amino acid sequence identity, we chose TaCHR729-A as a representative in the following experiments. Reciprocal Y2H assays demonstrated that TaCHR729 could interact with TaKPAB1 in yeast cells, and the C-terminal region of TaCHR729 and the N-terminal region of TaKPAB1 were responsible for their interaction (Fig. 3A,  B) . To verify the direct interaction between TaCHR729 and TaKPAB1, we performed GST pull-down assays. As shown in Fig. 3C , GST-TaCHR729, but not GST itself, could specifically pull-down TaKPAB1-His, indicating that TaCHR729 directly interacts with TaKPAB1 in vitro. To further validate the in vivo TaCHR729-TaKPAB1 interaction in wheat, we conducted co-IP assays using antibodies specifically targeted to TaCHR729 and TaKPAB1 (Supplementary Fig. S10 ). As shown in Fig. 3D , TaCHR729 co-immunoprecipitated with TaKPAB1, which was not detected in the BSMV-TaCHR729as and BSMV-TaKPAB1as plants, suggesting that TaCHR729 interacts with TaKPAB1 in wheat.
Based on our finding that TaKCS6 genes are the direct targets of TaKPAB1, we investigated whether TaCHR729, the TaKPAB1 interactor, could associate with TaKCS6 promoters.
We first conducted ChIP-qPCR assays to examine the presence of TaCHR729 at TaKCS6 promoters. TaCHR729 was found to accumulate at the promoter regions of TaKCS6-A, TaKCS6-B, and TaKCS6-D, in a profile similar to that of TaKPAB1 (Fig. 3E) . The overlapping distribution patterns of TaCHR729 and TaKPAB1 are consistent with their physical interaction. Thereafter, we silenced all endogenous TaKPAB1 genes using BSMV-VIGS and performed ChIP-qPCR to examine the occupancy of TaCHR729 at the TaKCS6 promoters. As shown in Fig. 3E , the TaCHR729 levels at the TaKCS6 promoter regions were remarkably reduced in the leaves infected with BSMV-TaKPAB1as compared with the BSMV-γ plants, suggesting that TaCHR729 occupancy relies on the presence of TaKPAB1 at the TaKCS6 promoters. Taken together, these results indicate that TaKPAB1 recruits TaCHR729 to the TaKCS6 promoters by physical interaction.
TaCHR729 promotes H3K4me3 at TaKCS6 promoters and stimulates TaKCS6 transcription
It has been reported that OsCHR729, the rice homolog of TaCHR729, recognizes and regulates H3K4me3 and H3K27me3 over a subset of targets in the rice genome (Hu et al., 2012) . To determine the regulation of TaCHR729 on H3K4me3 and H3K27me3 in wheat, we first isolated histones from leaves infected withBSMV-γ and BSMV-TaCHR729as and analysed them using western blotting. Reduced levels of H3K4m3 and H3K27me3 were observed in the TaCHR729-knockdown plants (Supplementary Fig. S11 ). We performed ChIP-qPCR assays for H3K4me3 and H3K27me3 at the TaKCS6 promoter. qRT-PCR showed that the expressions of TaCHR729 and TaKPAB1 were significantly reduced in the leaves infected with BSMV-TaCHR729as and BSMVTaKPAB1as, respectively ( Supplementary Fig. S12 ). As shown in Fig. 4A , the levels of H3K4me3 were clearly reduced at the promoter regions of TaKCS6-A, TaKCS6-B, and TaKCS6-D in the leaves infected with BSMV-TaCHR79as compared with the BSMV-γ plants. In contrast, the relative enrichment of H3K27me3 on these loci was not significantly altered in the TaCHR79-knockdown leaves compared with controls. These results indicated that TaCHR729 is required for the maintenance of proper H3K4me3 levels, but not H3K27me3 levels, at the TaKCS6 promoters. Significantly, H3K4me3 levels at TaKCS6 were reduced by silencing of TaKPAB1 by BSMV-VIGS (Fig. 4A) , indicating that TaKPAB1 recruits TaCHR729 to these loci to promote H3K4me3.
As an activation mark, H3K4me3 has been shown to facilitate the transition of RNA polymerase II (Pol II) to the elongation phase of transcription (Ding et al., 2012a) . To examine the role of TaCHR729 in the elongation stage of TaKCS6 transcription, we silenced all endogenous TaCHR729 genes in the Jing411 cultivar using BSMV-VIGS and then analysed distribution of total Pol II and Pol II phosphorylated at serine 2 of the C-terminal domain repeat (Ser 2P Pol II), which marks the transition of Pol II to the elongation phase, along the TaKCS6 genes in the BSMV-γ and BSMV-TaCHR729as plants. Given that the coding regions of allelic TaKCS6-A, TaKCS6-B, and TaKCS6-D exhibited ~98% nucleotide sequence identity, we chose TaKCS6-A as a representative in the ChIP-qPCR assays (Fig. 4B) . Although relatively high levels of total Pol II and Ser2P Pol II were present at the 5´-end of the TaKCS6 gene, their levels decreased by over 50% at the 3´-end in leaves infected with BSMV-TaCHR729as compared with the BSMV-γ plants (Fig. 4C) , indicating that knockdown of TaCHR729 negatively affected the transition from transcription initiation to elongation. Similarly, silencing of TaKPAB1 by BSMV-VIGS also reduced transcription elongation at the TaKCS6 genes (Fig. 4C) . Consistent with this, TaKCS6 mRNA levels decreased by about 80% in the leaves infected with BSMV-TaCHR729as or BSMV-TaKPAB1as compared with BSMV-γ plants (Fig. 4D) . Nuclear run-on assays indicated that the TaKCS6 gene was transcribed at much lower rates in the TaCHR729-or TaKPAB1-knockdown leaves compared with controls, suggesting that the reduced transcript levels of TaKCS6 in the knockdown plants resulted from defects in transcription rather than any post-transcriptional events (Fig. 4E) . In contrast, the expression level of TaEF1 was not significantly altered in the leaves infected with BSMV-TaCHR729as or BSMV-TaKPAB1as compared with the BSMV-γ plants (Supplementary Fig. S13 ). Taken together, these results indicate that the transcription factor TaKPAB1 recruits the chromatin remodeling factor TaCHR729 to promote H3K4me3 at the TaKCS6 promoters, thus stimulating TaKCS6 transcription.
Silencing of TaCHR729 or TaKPAB1 compromises cuticular wax deposition and impairs Bgt germination
To examine the potential regulation of cuticular wax deposition in wheat by TaCHR729 and TaKPAB1, we separately silenced all endogenous TaCHR729 and TaKPAB1 in leaves using BSMV-VIGS and measured leaf cuticular wax constituents by GC-MS. As shown in Fig. 5A , leaves infected with BSMV-TaCHR729as or BSMV-TaKPAB1as had only ~20% of the cuticular wax coverage per unit area compared with the BSMV-γ plants. Significantly, the amount of VLC wax constituents including fatty acids, alcohols, aldehydes, and alkanes was distinctly decreased in the BSMV-TaCHR729as and BSMV-TaKPAB1as plants (Fig. 5B) . These data indicated that TaCHR729 and TaKPAB1, which resemble TaKCS6, positively regulate cuticular wax deposition in wheat. We then inoculated these BSMV-VIGS plants with Bgt conidia and evaluated the interaction using microscopic analysis. As shown in Fig. 5C , D, the germination rate of conidia on the BSMV-γ plants was 78%, while that of BSMV-TaCHR729as and BSMVTaKPAB1as plants were only 62% and 63%, respectively. These results indicated that knockdown of TaCHR729 or TaKPAB1 impairs Bgt germination on wheat leaves. Application of wild-type cuticular wax or VLC aldehydes restores Bgt germination on leaves of TaCHR729-, TaKPAB1-, and TaKCS6-knockdown plants It has been widely reported that plant cuticular waxes play important roles in triggering germination of the powdery mildew fungus B. graminis (Hansjakob et al., 2010 (Hansjakob et al., , 2011 Weidenbach et al., 2014; Kong and Chang, 2018) . We also found that silencing of TaKCS6, TaCHR729, or TaKPAB1 compromised cuticular wax deposition and impaired Bgt germination on wheat leaves. To determine whether the altered cuticular wax on leaves infected with BSMV-TaCHR729as, BSMV-TaKPAB1as, or BSMV-TaKCS6as was related to this reduced germination, we manipulated the surface of the leaves by spraying cuticular wax isolated from BSMV-γ plants. In the presence of sprayed wax, Bgt germination rates on the leaves of BSMV-TaCHR729as, BSMV-TaKPAB1as, and BSMVTaKCS6as plants was up to ~81%, which was comparable to that of BSMV-γ plants (Fig. 6A) . In contrast, application of cuticular wax isolated from BSMV-TaCHR729as, BSMVTaKPAB1as, or BSMV-TaKCS6as plants significantly reduced Bgt germination on the BSMV-γ plants (Fig. 6A) . These results indicated that the altered cuticular wax was responsible for the impaired Bgt germination on the TaKCS6-, TaCHR729-, and TaKPAB1-knockdown plants. In addition, silencing of TaKCS6, TaCHR729, or TaKPAB1 led to reduced contact angles, i.e. less hydrophobic leaf surfaces (Fig. 6A) . To minimize the difference in hydrophobicity, we employed a Formvar resin-based in vitro system, which provided highly homogeneous surfaces that exhibited essentially uniform contact angles. As shown in Supplementary Fig. S14 , control glass slides covered with Formvar/BSMV-γ cuticular wax exhibited a germination rate of 74%, whereas coating the slides with the Formvar/ wax isolated from leaves infected with BSMV-TaCHR729as, BSMV-TaKPAB1as, or BSMV-TaKCS6as resulted in a distinctly reduced germination rate of 58%. Taken together, these in vitro and in planta data strongly suggested that the cuticular wax composition was responsible for the reduced germination of Bgt on the TaKCS6-, TaCHR729-, and TaKPAB1-knockdown plants. ). The cuticular waxes were isolated from leaves infected with BSMV-γ, BSMVTaCHR729as, BSMV-TaKPAB1as, or BSMV-TaKCS6as. For each treatment, at least 500 Bgt conidia were counted. Data are means (±SE) from three independent biological replicates per treatment and were analysed using Student's t-test: **P<0.01. (C) A proposed model of the action of TaCHR729 and TaKPAB1 in regulating Bgt germination in wheat. The transcription factor TaKPAB1 directly binds to the regulatory regions of the cuticular wax biosynthesis-related gene TaKCS6, which enables the recruitment of the CHD3-type chromatin remodeling factor TaCHR729 to these target loci through physical interaction. This promotes H3K4me3 at the TaKCS6 promoters and activates TaKCS6 transcription, which leads to the accumulation of cuticular waxes including very-long-chain aldehydes (VLCALD), and thereby stimulates the germination of Bgt. (This figure is available in colour at JXB online.)
GC-MS analysis showed that the amount of VLC wax constituents was distinctly reduced in the TaKCS6-, TaCHR729-, and TaKPAB1-knockdown plants. To determine the germination-inducing capability of individual constituents, glass slides covered with Formvar/cuticular wax supplemented with the compounds of interest were inoculated with Bgt conidia. As shown in Fig. 6B , more than 73% of conidia could germinate on the slides coated with Formvar/wax isolated from leaves infected with BSMV-TaCHR729as, BSMV-TaKPAB1as, or BSMV-TaKCS6as when they were supplemented with C 26 , C 28 , or C 30 aldehydes. In contrast, the germination rate is only ~59% on slides coated with Formvar/wax isolated from the TaKCS6-, TaCHR729-, or TaKPAB1-knockdown plants. All of the other synthetic wax constituents that were tested, including VLC fatty acid, alkane, alcohol, and alkyl ester, showed no significant impact on Bgt germination (Fig. 6B) . These results clearly indicated that the VLC aldehydes that were reduced in the TaKCS6-, TaCHR729-, and TaKPAB1-silenced plants are the specific wax signals required for Bgt germination.
Discussion
As global transcription modulators, chromatin remodeling factors play important roles in establishing specific gene expression patterns (Tsukiyama, 2002; Saha et al., 2006; Tyagi et al., 2016) . Increasing evidence has shown that they usually determine the target and regulatory specificity by interacting with specific transcription factors in a spatial and temporal manner. For example, the Arabidopsis SWI/SNF chromatin remodeling ATPases BRAHMA (BRM) and SPLAYED (SYD) are recruited to regulatory regions of the class B gene APETALA3 (AP3) and the class C gene AGAMOUS (AG) through physical interactions with the transcription factors LEAFY (LFY) and SEPALLATA3 (SEP3) to control floral organ identity (Wu et al., 2012 (Wu et al., , 2015 . Similarly, the Arabidopsis CHD3 protein PICKLE physically interacts with the transcription factors ELONGATED HYPOCOTYL5 (HY5) and PHYTOCHROME-INTERACTING FACTOR3 (PIF3), and is recruited to their target genes to regulate hypocotyl cell elongation in response to changing light conditions (Jing et al., 2013; Zhang et al., 2014) . In this study, we found that the wheat transcription factor TaKPAB1 stimulated TaKCS6 related to cuticular wax biosynthesis by recruiting the CHD3 protein TaCHR729 to the promoter regions of the gene. TaCHR729-or TaKPAB1-knockdown plants exhibited compromised cuticular wax deposition (Fig. 5) , suggesting that TaCHR729 and TaKPAB1 constitute a signaling module in regulating wax biosynthesis in wheat. Our study thus provides the first example of transcription factor-mediated recruitment of the chromatin remodeling machinery in regulating cuticular wax biosynthesis in plants.
Previous studies have shown that OsCHR729 can recognize and regulate H3K4me3 and H3K27me3 over a subset of targets in the rice genome (Hu et al., 2012) . In the Oschr729 mutant, gain or loss of H3K27me3 does not generally influence H3K4me3 and vice versa, suggesting that OsCHR729 regulates H3K4me3 and H3K27me3 independently in rice (Hu et al., 2012) . As indicated by the immunoblot analysis in our study, TaCHR729 could generally promote H3K4me3 and H3K27me3 in wheat (Supplementary Fig. S11 ). At the same time, ChIP-qPCR assays demonstrated that TaCHR729 specifically promoted H3K4me3 but did not affect H3K27me3 at the TaKCS6 promoters (Fig. 4A) , suggesting that it regulates H3K4me3 and H3K27me3 separately in a gene-specific manner. As an epigenetic mark associated with active genes, H3K4me3 has been found to be required for efficient transcription elongation in Arabidopsis (Zhang et al., 2009) . Consistently, we found that suppression of H3K4me3 by knockdown of TaCHR729 led to a defect in TaKCS6 transcription elongation (Fig. 4C) , implying that regulation of H3K4me3 levels is a conserved mechanism controlling transcription elongation among dicots and monocots. In Arabidopsis, H3K4me3 is catalysed by Su(var), Enhancer of Zeste and Trithorax (SET) domain-containing histone methyltransferases such as ATX3, ATX4, and ATX5 (Chen et al., 2017) . Given that TaCHR729 lacks the SET domain that confers histone methyltransferase activity, we speculate that it might recruit histone methyltransferase to promote H3K4me3 at the TaKCS6 promoters, something that remains to be examined in future research.
TaKCS6 shares over 99% amino acid sequence identity with HvKCS6 from barley ( Supplementary Fig. S3 ). HvKCS6 was originally identified as an important positive regulator in fatty acid elongation and it is required for cuticular wax biosynthesis (Weidenbach et al., 2014) . In addition, AtCUT1, the Arabidopsis ortholog of HvKCS6, also contributes to cuticular wax biosynthesis in Arabidopsis (Millar et al., 1999) . In our study, we found that the total amount of cuticular wax and the verylong-chain (VLC) wax constituents were remarkably reduced by knockdown of TaKCS6 in wheat (Fig. 5) , suggesting that the regulation of KCS6 in cuticular wax biosynthesis is conserved among dicots and monocots. However, the transcriptional regulation of KCS6 has not yet been elucidated. Here, we found that the bHLH-type TaKPAB1 directly bound to the TaKCS6 promoters and positively regulated expression (Fig. 2,  Supplementary Fig. S7 ). Sequence alignment revealed that TaKPAB1 had more than 67% amino acid sequence identities with HvKPAB1 (BAJ92626) and BdKPAB1 (XP_010234992) from Brachypodium distachyon (Supplementary Fig. S6) . A recent phylogenetic analysis (Guo and Wang, 2017) has revealed the absence of TaKPAB1 (termed wbHLH001 in the study) subgroup members in bread wheat, and hence a functional redundancy through closely related TaKPAB1 members appears unlikely. In Arabidopsis, two bHLH transcription factors, AtCFL1-associated protein 1 (CFLAP1) and CFLAP2, have been reported to be involved in cuticle wax biosynthesis (Li et al., 2016) . In our study, we demonstrated that cuticular wax deposition was greatly compromised by knockdown of TaKPAB1 (Fig. 4) , further implying the importance of bHLHtype transcription factors in regulating plant cuticular wax biosynthesis.
Other studies have shown that the adapted pathogen Bgt can utilize cuticle-derived wax signals to stimulate germination of conidia (Hansjakob et al., 2010 (Hansjakob et al., , 2011 Weidenbach et al., 2014; Kong and Chang, 2018) . We consistently found that Bgt germination was reduced on leaves of TaCHR729-, TaKPAB1-, and TaKCS6-knockdown plants, and that germination could be restored by spraying with wild-type cuticular wax (Fig. 6) . Conversely, spraying wax from knockdown plants onto leaves of the wild-type significantly reduced germination. This suggests that the TaCHR729-TaKPAB1-TaKCS6 signaling module in cuticular wax biosynthesis has been exploited by Bgt for stimulating germination of its conidia. Using the Formvarbased coating system, we examined the effects of individual wax components and found that C 26 , C 28 , and C 30 aldehydes, but not other constituents, could facilitate Bgt germination (Fig. 6B) . These data showed that it is the VLC aldehydes of the TaCHR729-TaKPAB1-TaKCS6 module that provide the specific wax signal for stimulating Bgt germination. Consistent with this, a number of studies have reported that VLC aldehydes are capable of effectively stimulating germination of B. graminis on appropriate surfaces (Hansjakob et al., 2010 (Hansjakob et al., , 2011 Weidenbach et al., 2014; Zhu et al., 2017; Kong and Chang, 2018) . Our results allow us to present a model for how the chromatin remodeling factor TaCHR729 interacts with the transcription factor TaKPAB1 to promote Bgt germination on bread wheat. As shown in Fig. 6C , TaKPAB1 binds to the promoters of the cuticular wax biosynthesis-related gene TaKCS6 and recruits the CHD3-type chromatin remodeling factor TaCHR729 to promote H3K4me3 at the promoters. This stimulates TaKCS6 expression and leads to the accumulation of cuticular wax constituents including very-long-chain aldehydes, thereby stimulating the germination of Bgt conidia. Our findings provide novel insights that can assist in enhancing the resistance of bread wheat to Bgt in the future.
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